Introduction
Cold isostatic pressing (CIP) has been often used to en hance the homogeneity of powder compact and thus to achieve isotropic shrinkage during sintering, which is need ed for the near-net-shape production of ceramics.1),2) However, it was clarified that CIP increased the shrinkage anisotropy during sintering in alumina ceramics.
3) The ce ramics was processed after a simplified industrial process to assure the generality of the result. Slurry of low-soda alumi na was spray-dried to form granules, which was then uniaxially and cold isostatically pressed for sintering. Kinds of organic additives were minimized to simplify the discus sion. The shrinkage during sintering was higher in the uniaxial pressing direction than its normal direction for all specimens with and without CIP. Furthermore, the differm ence of shrinkage increased in employing CIP process. The cause of this increased anisotropy of shrinkage by CIP needs to be clarified.
Inhomogeneity in packing density of compact has been ascribed to the major cause of anisotropic shrinkage during sintering.4)-7) The particle arrangement can be also respon sible in a few exceptional cases. When the particles have ex tremely anisotropic shape, Kingery et al® suggested that the particle arrangement could be the source of the deformation for clay-base compacts.4) In special forming with very in tense shear stress, such as injection molding and tape casting,8)-13) the particle arrangement occurs and causes the anisotropic shrinkage even when the particle shape is almost isotropic. As mentioned above, the particle arrange ment was recently noted even for uniaxially and then cold isostatically pressed alumina compacts of near spherical particle shape, again causing anisotropic shrinkage of sintering.3),14)-17) However, there has not been a study to quantitatively show the relationship between the sintering shrinkage anisotropy and particle arrangement.
To systematically understand the effect of CIP on the anisotropic shrinkage during sintering, the structure of pow der compact must be quantitatively evaluated from the viewpoints of both non-uniform packing density and arran gement of particles. A new analytical tool must be used for the systematic study. 
creased markedly with increasing the pressure. The CIP treatment increased the green and sintered densities, and made them less sensitive to the uniaxial pressure. Almost the same densities were obtained after CIP treatment for all uniaxial pressure. The density was about 1.4% higher after CIP in the compact uniaxially pressed at 100MPa. Figure 4 is a micrograph of the compact at normal optical mode, viewed from the direction normal to the pressing direction, which consolidated with uniaxial pressing 100 MPa and subsequent CIP 100MPa. Granules of elliptical shape were noted. The micrograph taken from the pressing direction showed that the shape of granules was spherical. Clearly, the deformation of granules is anisotropic in the uniaxial pressing, and the subsequent CIP failed to recover them into the original isotropic shape (spherical) . These results suggest that the packing structure of alumina parti cles should be also anisotropic in the granules. The primary alumina particles of elongated shape should be aligned in the granules with their long axis normal the pressing direction.3)11),16) Figure 5 shows the effect of CIP on the aspect ratio distri bution of granules in compacts consolidated at uniaxial pres sure 100MPa. The CIP treatment made the distribution to shift slightly to left, i.e., the apparent deformation of gran ules was slightly reduced by the CIP treatment. Before CIP, the aspect ratio was 1.58 in the average value with the maxi mum about 2.4. After CIP, the average value became 1 .52 and the maximum 2.3. The similar results were obtained in employing other compacts consolidated at the uniaxial pres sure of 10, 20 and 50MPa. Clearly the granules undertook a major anisotropic deformation during uniaxial pressing. CIP could assist the slight recovery to the spherical shape. Figure 6 shows change of the average aspect ratio of granules with uniaxial pressure on the compacts with and without CIP (100MPa). The average aspect ratio is defined as the arithmetic mean of all granules in various conditions. It increased sharply with increasing the uniaxial pressure both with and without CIP. The ratio was always smaller in the compact with CIP than that without CIP. Apparently, CIP reduced the anisotropy of the compacts. Figure 7 shows the change of the degree of particle arran gement with uniaxial pressure in the compacts with and without the CIP (100MPa). Figure shows the effect of the uniaxial pressure on the sintering shrinkage ratio of the compacts, The shrinkage ra tio is defined as the ratio of sintering shrinkage in the direction relative to that in the direction. It directly reflects anisotropy of sintering shrinkage of the compacts, and the value unity corresponds to isotropic shrinkage dur ing sintering. The anisotropy of sintering shrinkage i n creases markedly with increasing the uniaxial pressure. Sur prisingly, the CIP treatment significantly augmented the shrinkage anisotropy during sintering. This result is contra ry to the traditional belief, which CIP treatment should diminish the sintering shrinkage anisotropy by increasing the homogeneity of particle packing density in compact. Clearly, it is impossible to explain why the CIP treatment i n creases the sintering shrinkage anisotropy with the tradi tional perspective of particle packing density. The origin of the shrinkage anisotropy can e ascribed to the anisotropy of particle arrangement, except for the particle packing denslty.3),14)-17) Figure 9 shows the relationship between the sintering shrinkage ratio and particle arrangement degree on the uniaxially pressed compacts with and without CIP (100 MPa). The shrinkage ratio increased linearly with increas ing the arrangement degree, regardless of the CIP treat ment. The linear relationship between them can be ex pressed as the next equation by the least square method.
Y=0.008X+1 (3)
Where, Y is the sintering shrinkage ratio [-] , X the arran gement degree [%]. The similar linear relationship was also recognized on the orientated compacts of spherical alumina particles in high magnetic field, which will be shown in another study. Clear ly, there is the linear relationship between the sintering shrinkage anisotropy and the particle arrangement degree.
There has not been a study to quantitatively show the relationship between them. This study quantitated the relationship between them on the pressed alumina com pacts. These results show that the sintering shrinkage anisotropy directly relate to the particle arrangement. Fig. 9 . Relationship between the sintering shrinkage ratio and particle arrangement degree.
4. Discussions A surprising but understandable result is obtained on the uniaxially pressed alumina compacts, i.e., the CIP treatment augmented the pre-existing particle arrangement in the compact, where the particles have only slightly elongated shape and their arrangement is very slight. A linear relation ship was noted between the particle arrangement degree and the sintering shrinkage anisotropy on the uniaxially pressed alumina compacts. This particle arrangement causes the anisotropic shrinkage (i.e., deformation) of com pact during sintering.
It is easy to understand the development of particle arran gement during uniaxial pressing. The granules are anisotropically deformed during pressing, which requires rearrangement of particles within granules. Shear stress is developed in the granules, providing the driving force for particle arrangement.
It is impossible to explain why CIP treatment increases the sintering shrinkage anisotropy with the traditional per spective of packing density. Generally, it has been believed that CIP treatment increases the uniformity of particle pack ing density in the H and D directions in the compacts, and should reduce the sintering shrinkage anisotropy. But, the CIP treatment augmented the shrinkage anisotropy in Fig. 3 .
This cause can be ascribed to the enhancement of particle arrangement during CIP treatment from Fig. 7 . In practice, the CIP treatment simultaneously causes the particle slip page and realignment, especially in elongated particle sys tem. Satoh et al. reported that CIP treatment enhanced the arrangement of plate like particles in thin pellet compacts (diameter 20mm and thickness 1mm) , and the degree of particle arrangement increased with increasing number of CIP treatment.21) The CIP treatment significantly increased the degree of particle arrangement as shown in Fig. 7 , and Shrinkage Anisotropy during Sintering of Uniaxially Pressed Alumina Compacts which the thickness (4-5mm) of compacts also was very small than its diameter (15mm). Figure 1 shows a schematic of the particle arrangement of a spray-dried gram ule before and after CIP, viewed from the cross-section. The CIP treatment simultaneously caused the elongated parti cles to slip and realign into aperture between the particles. It increased not only particle packing density, but also parti cle arrangement in the compacts from Figs. 3 and 7. The particle arrangement augmented by the CIP treatment fur ther increased the anisotropy of sintering shrinkage. It should be emphasized that this study does not exclude the importance of anisotropic particle packing density on shrinkage anisotropy. This should be an important cause of the shrinkage anisotropy in a system with large anisotropy of packing density. In a real system, both the anisotropic packing density and the particle arrangement cause the sin tering shrinkage anisotoropy.
Against our naive belief, the particle arrangement can be a major source of the deformation during sintering, especial ly in a system of homogeneous density. The similar results were obtained in other molding systems such as injection molding and tape casting.3),8)- 13) It was found that higher orientated the alumina compacts, even employing spherical alumina particles, in high magnet ic field shows more remarkable sintering shrinkage anisotropy, which will be shown in a separate paper . The linear relationship was also noted between the particle ar rangement degree and the sintering shrinkage anisotropy . The sintering shrinkage significantly changed with crystal axis direction of alumina particle , the shrinkage was con siderably large in the c-axis direction than its normal direc tion (i.e., a-axis direction). In this study, the c-axis is the short axis of elongated alumina particle, the c-axis direction corresponds the H direction (i.e., the pressing direction) . The origin of sintering shrinkage anisotropy can be ascribed to the particle arrangement in the uniaxially pressed alumi na compacts.
Otherwise, Coble has suggested that the larger sintering shrinkage occurs in the direction with a large number of grain boundary number per unit length in powder compact.22), 23) The grain boundary number is larger in the H direction than the D direction, due to the arrangement of elongated alumina particles in the pressed compacts. Sinter ing shrinkage should be larger in the H direction than the D direction.
It is necessary to explain the Eq. (3) described above. This equation quantitatively shows the close relationship be tween the particle arrangement degree and the sintering shrinkage anisotropy. There has not been a study to quan titatively show the close relationship between them. Ac cording the equation, when the particle arrangement degree is zero, the sintering shrinkage ratio becomes 1. Namely , the compact free from particle arrangement shows isotropic sintering shrinkage.
It should be emphasized that the gradient (0.008 in this study) may vary with the shape (or aspect ratio) of alumina particles. Because the aspect ratio will affect the grain boun dary number per unit length in the compacts. However, the alumina powder used in this study is a general industrial raw material, it is expected that this study have a wide reference value.
Conclusions
The effect of CIP on the microstructure and the sintering shrinkage anisotropy was systematically and quantitatively examined on the pressed alumina compacts. The particle ar rangement was caused by the uniaxial pressing in the com pacts, and the subsequent CIP treatment was effective on in creasing it. The sintering shrinkage anisotropy was more remarkable in the case after CIP than before CIP. The close relationship between the particle arrangement degree and the sintering shrinkage anisotropy was quantitatively shown on the pressed compacts. There was a linear relationship be tween the particle arrangement degree and the sintering shrinkage anisotropy. The particle arrangement is an im portant factor affecting the deformation of compact during sintering.
